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INTRODUCTION
In addition to its roles in the vascular and immune systems, nitric oxide (NO) has been shown to be an important neuronal messenger in both the peripheral and central nervous systems, acting as a non-typical neurotransmitter or a trans-cellular second messenger [1] [2] [3] [4] . In the brain, NO seems to play a crucial role in long-term plasticity events, such as long-term potentiation in the CAl area of the hippocampus [5] [6] [7] [8] and long-term depression in the cerebellum [9] . Moreover, studies both in vitro and in vivo have suggested the involvement of NO in neurotoxicity events and, in particular, those following the activation of glutamatergic N-methyl-D-aspartate (NMDA) receptors [10] [11] [12] [13] [14] . However, the role of NO in glutamate-induced neuronal death is still debated [15, 16] . In fact, recent findings indicate that oxygen free radicals, in particular superoxide anions (024-) which are also produced in neurones in response to NMDA-receptor stimulation, could also contribute to this phenomenon [17, 18] . Alternatively, in some but not all neurones, the neurotoxicity triggered by NO and 02--may result from their interaction leading to the formation of peroxynitrite [11, 19, 20] .
In neurones, NO is synthesized by a constitutive and Ca2+-calmodulin-activated NO-synthase [3] , an enzyme which also releases oxygen-derived free radicals when the concentrations of its substrate L-arginine or of the cofactor (6R)-tetrahydro-Lbiopterin are suboptimal [21] [22] [23] . In a previous study, we have demonstrated that glutamate, by acting at both NMDA and ionotropic non-NMDA receptors, stimulates the production of NO in cultured striatal neurones, leading to the accumulation of mannitol and dimethyl sulphoxide, did not alter the SIN-Iinduced covalent modification of GAPDH, ruling out the involvement of hydroxyl radicals in this phenomenon. Supporting further a role of oxygen free radicals in the NADI linkage to GAPDH, pyrogallol, a superoxide generator, which alone was ineffective, potentiated the SNP-evoked response. The NADI linkage to neuronal GAPDH measured in the presence of NO and superoxide probably involves sulphydryl groups, since the radiolabelling of the protein was reversed by exposure to HgCl2 and prevented by pretreatment with the alkylating agent Nethylmaleimide. Moreover, the NO-induced inhibition of GAPDH activity was enhanced by pyrogallol, which was ineffective alone. In conclusion, the present study indicates that superoxide anions potentiate NO-induced covalent NAD+-linkage to GAPDH and enzyme inactivation. intracellular cyclic GMP (cGMP) [24] . Besides the stimulation of cytosolic guanylate cyclase, NO has been shown to block the NMDA-receptor channel in these neurones through a negativefeedback process [25] . Moreover, glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12), a cytosolic protein composed of four identical 37 kDa subunits which is involved in the glycolytic cascade, has been identified as an additional target of NO in several cell types [26] [27] [28] [29] as well as in brain homogenates [30] . Indeed, NO stimulates the S-nitrosylation of GAPDH, and this effect is associated with an NADI-dependent covalent modification of this enzyme [28] . This modification, previously believed to be an auto-ADP-ribosylation of GAPDH [26] [27] [28] 30] , appears in fact to be a covalent NADI linkage to the enzyme [29] . In the present study, we show that the covalent [32P]NAD' labelling ofGAPDH from cultured striatal neurones is stimulated by the NO-generating compounds sodium nitroprusside (SNP) and 3-morpholinosydnonimine (SIN-1), the latter compound being the more efficient. Since SIN-I generates both NO and°2 - [31] , particular attention is focused on the role of oxygen free radicals in the NAD+-dependent covalent modification of neuronal GAPDH as well as the associated changes in GAPDH activity. Primary neuronal cultures were prepared as previously described [32] . Briefly, striata were removed from 14-15-day-old mouse embryos and cells were seeded on 100 mm culture dishes (25 x 106 cells/dish containing 10 ml of culture medium) or on 12-well culture dishes (106 cells/well containing 1 ml of medium), previously coated successively with poly-L-ornithine (15,tg/ml, 40 kDa) and culture medium containing 10 % FCS. The culture medium included a 1:1 mixture of Dulbecco's modified Eagle's medium and F12 nutrient, supplemented with glucose (33 mM), glutamine (2 mM), NaHCO3 (3 mM) and a mixture of salt and hormones containing insulin (25 ,ug/ml), transferrin (100 ,tg/ml), progesterone (20 nM) , putrescine (60 ,uM) and NaSeO3 (30 
EXPERIMENTAL

nM).
Two days after seeding, 20% FCS was included in the culture medium. Under these conditions, after [12] [13] days in vitro, the cultures were shown to be highly enriched in neurones which form mature and functional synapses [32] , and contained only 7 % of astrocytes [33] .
Cytosol preparation
Neurones were washed twice and scraped into PBS, and then centrifuged for 10 min at 100 g. The cell pellets were resuspended and homogenized in ice-cold lysing buffer containing 50 mM Tris-HCI (pH 7.5), 3 mM EDTA, 5 ug/ml soybean trypsin inhibitor and 100 ,M phenylmethanesulphonyl fluoride in a volume giving a final protein concentration of 1-2 mg/ml and centrifuged for 6 min at 450000 g. Supernatants (cytosols) were stored at -80°C before use. For the preparation of cytosols from whole rat and mouse brain, rat or mouse brains were homogenized in 7 and 1 ml of lysing buffer respectively.
[32P]NAD+ labelling of GAPDH Neuronal cytosolic proteins (about 1O ug) were incubated for 60 min at 30°C in a final volume of 60 ,ul of a medium containing 120 mM phosphate buffer (pH 7.5), 1 
GAPOH activity determination
Neuronal cytosolic proteins (20 ,ug) were incubated for 1 h with NO and superoxide generating compounds in the medium used for [32P]NAD+ labelling experiments. GAPDH activity was estimated by measuring the conversion of NADH and 1,3-diphosphoglycerate, produced from 3-phosphoglycerate (PGA) by PGK, into NAD+ and 3-phosphoglyceraldehyde respectively. GAPDH activity was monitored in triethanolamine buffer (50 mM, pH 7.5) containing EDTA (1 mM), MgCl2 (10 mM), ATP (3 mM), NADH (0.1 mg/ml), PGA (2 mM) and PGK (5 ,ug/ml) by reading the absorbance at 334 nm. ( Figure 1 ). This protein showed an apparent molecular mass of 39 kDa by SDS/PAGE (Figure 2 Hydroxyl radicals did not apparently contribute to the covalent labelling of GAPDH, since the SIN-1 response was not further decreased by the degradation of H202 by catalase (100 IU/ml) both in the absence (results not shown) and the presence of SOD ( Figure 5, lanes 5 and 6) [27, 29] . Confirming these results, SNP dose-dependently inhibited the dehydrogenase activity of neuronal GAPDH (Figure 6) , and this effect was reversed by haemoglobin ( 10 ,uM, results not shown). Interestingly, as observed for the SNP-induced covalent NADI linkage to the enzyme, pyrogallol (100,uM) markedly enhanced the inhibition of GAPDH activity triggered by SNP ( Figure 6 ). Moreover, SIN-1 almost totally inhibited GAPDH activity (7± 1 0% of the basal activity was measured after Cysteine residues are Involved in the NO-and superoxide-induced covalent NAD+ linkage to GAPDH As previously shown for the NO-induced covalent modification of GAPDH from various tissues, a cysteine residue is involved in the effects of NO and oxygen free radicals on neuronal GAPDH [26] [27] [28] [29] [30] , probably that present in the active site of the enzyme [42] . Indeed, a 1 h treatment with HgCl2 (2 mM), which is known to cleave ADP-ribosylcysteine linkages as well as other covalent linkages to sulphydryl groups [29] , removed 96 + 5 % and 95 + 3 % (n = 3) of the radioactive NADI covalently bound to GAPDH in the presence of 200 ,uM SNP and SIN-I respectively, compared with the values measured after a 2 mM NaCl treatment (instead of HgCl2). Further supporting the involvement of thiol groups, the pretreatment of neuronal cytosolic preparations with the alkylating agent N-ethylmaleimide (3 mM) inhibited by 97+4% and 98+2% (n= 3) the [32P]NAD+-labelling of GAPDH induced by 200,uM SNP and SIN-1 respectively. Interestingly, after a 2 h pretreatment of GAPDH in the presence of HgCl2 (up to 10 mM), the five isoforms of the enzyme were still observed on silver-stained 2D-gels (results not shown). In addition, this treatment did not change their respective pls. Therefore, the four most acidic isoforms of GAPDH (Figures 3d  and 3e ) correspond to both NADI-linked and unlinked proteins and do not derive from the most basic isoform (Figure 3e ) via the binding of NADI. [28] . However, when higher concentrations of DTT ( > 2 mM) were added, the effects of both NO donors were strongly reduced. These effects of high concentrations of DTT on NO donorinduced GAPDH labelling could reflect a competition for NO between the sulphydryl groups of the reducing agent and those present in GAPDH to form S-nitrosothiols. Interestingly, the spontaneous NADI linkage to GAPDH (i.e. measured in the absence of NO donors) was markedly decreased in the presence of DTT (up to 10 mM, Table 3 ). This inhibition may indicate that GAPDH had been, at least in part, previously nitrosylated by endogenous NO.
RESULTS
NO
DISCUSSION
Our study demonstrates for the first time that superoxide anions enhance the NO-induced covalent linkage of NADI to GAPDH from cultured striatal neurones. This conclusion is supported by the following observations. (1) SIN-1, which is known to release both radical species, was more efficient than SNP, which mainly produces NO, in increasing the [32P]NAD+ labelling of GAPDH. (2) SOD and the non-selective superoxide scavenger DMPO markedly reduced the SIN-1 response. However, the SNP response was also slightly reduced in the presence of SOD and DMPO. This last result could be explained by endogenous production of a small amount of superoxide by cytosolic enzymes such as aldehyde oxidases and xanthine oxidase [40] or resulting from free arachidonic acid metabolism [18] . An alternative explanation of the inhibition by SOD of the SNP response may be the conversion by this enzyme of NO into NO- [43] , which should be ineffective as a mediator ofNADI labelling ofGAPDH.
Such a mechanism could also account for the decrease of the SIN-I response in the presence of SOD. (3) Confirming the results obtained by several investigators in other preparations [26] [27] [28] [29] [30] , the stoichiometry of the labelling of the neuronal GAPDH in vitro was very low (less than 1 % of GAPDH was modified). A possible explanation of this result is that an important proportion of the protein has been previously linked covalently to endogenous NADI. However, NO has been shown to inhibit markedly the catalytic activity of GAPDH [27, 28] . In this study, we have further demonstrated that superoxide anions, which alone are ineffective, strongly enhance the NO-induced inactivation of GAPDH. As previously suggested, the strong inhibition of GAPDH activity in the presence of NO and superoxide seems to result from the Snitrosylation of the cysteine present in the active site of the enzyme rather than the covalent NADI-linkage [28, 42] and may be related to the formation of strong nitrosylating compounds in the presence of both radical species. Although the low stoichiometry of the NAD+-linkage to GAPDH in vitro raises the question of the physiological relevance of this phenomenon, this covalent modification appears to be modulated in intact cells. Indeed, preliminary results have indicated that the pretreatment of intact striatal neurones with either glutamate or NMDA, which stimulate the production of both NO and superoxide in neuronal cells [3, 18] , decreases the subsequent [32P]NAD+ labelling of GAPDH measured in vitro, suggesting that GAPDH is an endogenous target of these excitatory amino acids in intact neurones. The respective contribution of NO and superoxide in this glutamate response is currently under investigation. Similarly, a recent study has shown that the induction of long-term potentiation in the CAl area of the rat hippocampus, which probably involves NO formation following the activation of NMDA receptors [5, 6] , is associated with endogenous NAD+-dependent covalent modification of several proteins including GAPDH [46] . These data, together with the recent observation that the stimulation of endogenous NO production in pancreatic fl-cells, induced by exposure to the cytokine interleukin-l1J, is accompanied by an increase in the NAD+-linkage to GAPDH [47] , suggest a physiological relevance of this phenomenon.
Besides its glycolytic activity, GAPDH has been implicated in several other cellular functions, such as microtubule bundling [48] , phosphorylation processes [49] and DNA repair [50] . In addition, a recent study has revealed that GAPDH can bind the cytosol [51] . Interestingly, the binding of GAPDH to nucleic acids was inhibited by NADI, suggesting that it occurs at the NAD+-binding sites of the protein [50, 51] . We can thus speculate that the covalent NADI-linkage to GAPDH induced by NO and superoxide also alters the tRNA export and DNA repair processes. Finally, GAPDH has also been shown to interact with the recombinant cytoplasmic domain of Alzheimer's fl-amyloid precursor protein [52] . The covalent modification of GAPDH induced by NO and oxygen free radicals could also alter the proteolysis of this peptide and thus be involved in the development of this neurodegenerative disease.
